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Abstract
During a yeast two hybrid screen of a Dictyostelium cDNA library using the Ca2-binding protein CBP1 as bait, we
isolated a full-length cDNA encoding a novel Ca2-binding protein (termed CBP4a). The protein is composed of 162 amino
acids and contains four consensus EF-hands. PCR amplification of Dictyostelium genomic DNA using primers specific for
the cDNA sequence resulted in the isolation of a gene encoding a different Ca2-binding protein of 162 amino acids
(designated CBP4b) with 90% amino acid sequence identity to CBP4a. Southern blot analysis confirmed the presence of two
closely related genes in the Dictyostelium genome. CBP4a and CBP4b mRNAs are expressed at the same stages of
development as CBP1 mRNA. In addition, both novel proteins bind 45Ca2 and interact with CBP1 in vitro in a Ca2-
dependent manner. ß 2000 Elsevier Science B.V. All rights reserved.
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Ionic calcium plays an important role in the regu-
lation of diverse processes in both higher and lower
eukaryotic cells [1,2]. Intracellular Ca2 levels are
monitored by a variety of Ca2-binding proteins gen-
erally classi¢ed into three families: EF-hand pro-
teins, annexins and C2 region proteins [3]. Many of
these proteins are believed to act as Ca2 sensors
that detect and transduce Ca2 signals to down-
stream components of regulatory pathways, yet in
most cases, their precise functions are unknown. In
Dictyostelium discoideum, a family of small, four EF-
hand Ca2-binding proteins including CBP1 [4],
CBP2 [5], CBP3 [6], CaM [7], CalB [8] and CAF1
[9] has been identi¢ed. Most of these proteins are
expressed at di¡erent times during Dictyostelium de-
velopment suggesting that they might regulate dis-
tinct developmental processes. To investigate the
function of CBP1, we used a yeast two hybrid system
[10] to screen a Dictyostelium cDNA library to iden-
tify putative CBP1-interacting proteins. Unexpect-
edly, this screen resulted in the isolation of a
cDNA encoding a new Ca2-binding protein, termed
CBP4a, and the identi¢cation of a closely related
protein, CBP4b.
To perform the two hybrid screen, a full-length
cbpA cDNA cloned into pGBT9 (TRP1) [11] was
used as the bait vector to screen a Dictyostelium
cDNA library (courtesy of Dr. A. Tsang, Concordia
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University, Montreal, Canada) constructed from a
mixture of mRNAs from vegetative, 8 and 16 h
starved AX2 [12] cells, and cloned into pGAD424
(LEU2) [11]. Saccharomyces cerevisiae strain HF7c
[13] was transformed sequentially with the two vec-
tors and Trp, Leu transformants were examined
for His and LacZ reporter expression. To elimi-
nate false positives [14], plasmids isolated from His,
LacZ colonies were retransformed into strain HF7c
alone or together with pGBT9, pGBT9cbpA or
pGBT9snf1 (which expresses an unrelated protein).
None of the plasmids activated the HIS3 or lacZ
reporter genes unless coexpressed with pGBT9cbpA.
Inserts in pGAD424 vectors isolated from Trp,
Leu, His, LacZ yeast clones were sequenced on
both strands using 5P and 3P Matchmaker primers
(Clontech) in the York University Molecular Biology
Facility.
One pGAD424 vector contained a 0.5 kb full-
length cDNA with a single 486 bp open reading
frame encoding a small protein with four uniformly
distributed consensus EF-hand motifs. Using the
PCR with the sense primer 5P-GGCGGCGCA-
TATGGTTACTAAAAAGG corresponding to the
¢rst 16 nucleotides of the coding sequence with an
NdeI restriction site and the antisense primer 5P-
GCGGATCCTTATTCAGTTGGATAAAT comple-
mentary to the last 18 nucleotides of the coding se-
quence with a BamHI cleavage site, we ampli¢ed and
cloned a 0.8 kb fragment from AX2 genomic DNA.
The PCR protocol was as described previously [15].
This genomic fragment also contained a coding se-
quence comprising 486 bp. Comparison of this cod-
ing sequence to the previously isolated cDNA re-
vealed 95% identity at the nucleotide level and 90%
identity at the amino acid level. Nucleotide sequence
similarity searches using the FASTA program re-
vealed that both the 0.5 kb cDNA and the coding
sequence within the 0.8 kb genomic fragment were
100% identical to distinct clones present in the Cel-
lular Slime Mold database: SSK380 (accession no.
C91517) and SSC232 (accession no. C91921), respec-
tively. This ¢nding suggested that there might be two
distinct genes encoding two novel closely related
Ca2-binding proteins in Dictyostelium. To further
examine this possibility, a Southern blot analysis of
AX2 genomic DNA was performed as described pre-
viously [4] using the 0.5 kb cDNA as a probe. Ge-
nomic DNA was digested with restriction endonu-
cleases which do not cleave either the 0.5 kb cDNA
or the 0.8 kb genomic fragment. The complex band-
ing pattern obtained con¢rms that the Dictyostelium
genome contains at least two genes with very similar
nucleotide sequences (Fig. 1). The gene correspond-
ing to the cDNA isolated in the two hybrid screen
was named cbpD1 and the gene obtained by PCR
ampli¢cation of genomic DNA was designated
cbpD2. Their protein products were named CBP4a
and CBP4b, respectively.
CBP4a and CBP4b are both small hydrophilic pro-
teins of 162 amino acids, with identical calculated
isoelectric points of 4.57 and molecular masses of
18.7 kDa. Fifteen of the 16 amino acid substitutions
between the two proteins are very conservative and
none occurs within the EF-hand regions. CPB4a and
CBP4b exhibit structural features similar to other
small Ca2-binding proteins in Dictyostelium such
as CBP1 [4], CBP2 [5], CBP3 [6], CaM [7], CalB [8]
and CAF1 [9]. A multiple amino acid sequence align-
ment of these proteins is presented in Fig. 2.
Developmental expression of CBP4a and CBP4b
mRNAs was examined by Northern blot analysis
of total RNA [4] extracted from non-axenically
grown AX2 cells at progressive stages of develop-
ment on non-nutrient agar [16]. Since the 0.5 kb
cbpD1 cDNA probe detected both cbpD1 and
cbpD2 genes in the Southern blot analysis (Fig. 1),
it was expected that this probe would also hybridize
to both transcripts during Northern blotting of total
RNA. The Northern blot revealed a transcript of
V0.9 kb expressed at very low levels in early stream-
Fig. 1. Southern blot analysis of Dictyostelium genomic DNA.
DNA (3 Wg/lane) was digested with NdeI (N), HindIII (H), ClaI
(C), NsiI (S), BglII (B) and EcoRV (E), size fractionated, trans-
ferred to nylon membrane and probed with the 0.5 kb cbpD1
cDNA. Molecular size markers (kb) are indicated on the left.
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ing cells (3^6 h), increasing rapidly towards later
stages of aggregation (9 h) and remaining relatively
high through late development (Fig. 3B). This pat-
tern of expression could be explained by the presence
of two distinct transcripts of the same size but di¡er-
ent developmental abundance and timing, e.g., one
expressed at low levels starting at the early streaming
stage, and the other expressed at much higher levels
but not until late aggregation. Alternatively, the ob-
served pattern might represent the coordinated ex-
pression of both transcripts. Comparison of the rel-
ative levels of CBP4a/CBP4b (Fig. 3B) and CBP1
(Fig. 3C) mRNAs during development revealed re-
markably similar expression patterns, which are dis-
tinct from those of the other members of this Ca2-
binding protein family. CBP2 and CBP3 mRNA lev-
els peak at 9 and 6 h, respectively, and they become
undetectable after 12 h of development [5,6], CaM
and CalB are expressed during growth and through-
out development [7,8], while CAF1 is expressed ex-
clusively during early aggregation [9]. The coincident
expression patterns for CBP4a/CBP4b and CBP1
mRNAs suggest functional redundancy or functional
complementarity between these proteins during mul-
ticellular stages of development.
To con¢rm that CBP4a and CBP4b bind Ca2, we
performed an in vitro 45Ca2 overlay assay [17]. In-
cubation of crude extracts from Escherichia coli cells
expressing His-tagged CBP4a or CBP4b (see below)
with 45Ca2 revealed in each case only one radioac-
tive band of the expected size of V22 kDa (Fig. 4A,
lanes 1 and 2) among other proteins abundant in the
extracts (Fig. 4B, lanes 1 and 2). Crude CBP4b (Fig.
4A, lane 2) bound less 45Ca2 than crude CBP4a
(Fig. 4A, lane 1) which could be a consequence of
a lower a⁄nity of CBP4b for Ca2 or lower levels of
CBP4b expression in the E. coli host. Comparison of
approximately equal amounts of puri¢ed CBP4a,
CBP4b and CBP1 (Fig. 4B, lanes 3^5) demonstrated
the strongest binding of 45Ca2 by CBP4a (Fig. 4A,
lane 3), while CBP4b appeared to give the weakest
45Ca2 signal (Fig. 4A, lane 4). This result indicates
that CBP4b might have a lower a⁄nity for Ca2
Fig. 3. Northern blot analysis of cbpD and cbpA expression
during Dictyostelium development. Total RNA (15 Wg/lane) ex-
tracted from developing AX2 cells at the indicated times was
fractionated on agarose gels, stained with ethidium bromide to
evaluate loading (A), transferred to nylon membranes and
probed with the 0.5 kb cbpD1 cDNA (B) or a 0.7 kb cbpA
cDNA [4] (C). Developmental timing: vegetative cells (0 h), ag-
gregation (3^9 h), tipped aggregates (12 h), slugs (15 h), culmi-
nation (18^21 h), fruiting bodies (24 h).
Fig. 2. Multiple amino acid sequence alignment of CBP4a and
CBP4b, and the other small Ca2-binding proteins in Dictyoste-
lium. The putative Ca2-binding regions are shown in bold.
Amino acid substitutions between CBP4a and CBP4b are
shaded. Residues conserved among ¢ve or more of the proteins
are marked by asterisks. The number of amino acids in each
protein is indicated at the end of the sequence. This alignment
was generated using the MULTALIN program version 5.3.3.
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than CBP4a and CBP1. Neither CBP4a nor CBP4b
showed an electrophoretic mobility shift upon prein-
cubation with 10 mM CaCl2 or 10 mM EGTA (data
not shown). Such a shift is expected of Ca2 sensor
proteins which are thought to assume signi¢cantly
altered conformations in response to subtle changes
in intracellular Ca2 levels [18]. The absence of dra-
matic, Ca2-induced conformational changes in re-
combinant CBP4a and CBP4b might be a result of
improper post-translational processing in the bacte-
rial expression host. Similarly, Ca2 binding was
shown previously to have no e¡ect on the electro-
phoretic mobility of recombinant CBP1, or recombi-
nant and native CBP2 [4,5]. On the other hand, na-
tive CBP1 and native CBP3 exhibit a Ca2-induced
mobility shift [19,6].
Results of the two hybrid screen suggest that
CBP4a interacts with CBP1 in yeast cells. To deter-
mine if CBP4a (or CBP4b) also associates with CBP1
in vitro, binding experiments were performed by in-
cubating His-tagged CBP4a (or CBP4b) bound to
Ni^NTA resin with puri¢ed tagless CBP1 in the pres-
ence of di¡erent concentrations of CaCl2 or EGTA.
Recombinant CBP1 was expressed in E. coli as a
GST-fusion protein, puri¢ed on glutathione^agarose
beads and cleaved with thrombin as described previ-
ously [4]. To produce His-tagged CBP4a and CBP4b,
the sequence-speci¢c primers described above were
used in PCRs to amplify cbpD1 cDNA from the
isolated pGAD424 vector and cbpD2 from the
SSC232 clone (kindly provided by Drs. Y. Tanaka
and T. Morio, University of Tsukuba, Japan). The
PCR products were cloned into the NdeI/BamHI
sites of pET-15b vector (Novagen), selected by trans-
formation into E. coli strain DH5KFP, and then in-
troduced into E. coli strain BL21-gold (DE3) (Stra-
tagene). Transformants were grown at 37‡C for 1 h
and protein expression was induced with 1.0 mM
IPTG for 3 h. His-tagged proteins were puri¢ed
from bacterial extracts using Ni^NTA resin (Qiagen)
as described by the manufacturer. Protein concentra-
tions were determined using a Dc Protein Assay kit
(Bio-Rad). To examine CBP1/CBP4a and CBP1/
CBP4b interactions in vitro, 18 Wg of His-tagged
CBP4a or CBP4b was permitted to bind to 75 Wl
of a 50% suspension of Ni^NTA resin at 4‡C for
2 h and the resin was washed once with 1 ml of 20
mM Tris^HCl, 300 mM NaCl, 5 mM imidazole (pH
7.9). The resin-bound CBP4a or CBP4b was then
incubated with 6 Wg of tagless CBP1 and di¡erent
Fig. 5. In vitro binding of CBP1 and CBP4a. Eighteen Wg of
Ni^NTA resin-bound His-tagged CBP4a was incubated with
6 Wg of tagless CBP1 (lanes 3^6) in the presence of CaCl2 or
EGTA at the concentrations indicated. In control experiments,
CBP1 (lane 1) and CBP4a (lane 2) were incubated separately
with the resin. Proteins were eluted o¡ the resin, fractionated
on an SDS gel and analyzed by Western blotting with anti-
CBP1 serum (A) or by Coomassie Blue staining (B). Protein
molecular mass markers (kDa) are indicated on the left.
Fig. 4. Binding of 45Ca2 by CBP4a, CBP4b and CBP1. Crude
soluble protein (8 Wg) from E. coli cells expressing His-tagged
CBP4a (lane 1) or His-tagged CBP4b (lane 2), as well as 5 Wg
each of puri¢ed His-tagged CBP4a (lane 3), His-tagged CBP4b
(lane 4) and thrombin-cleaved CBP1 (lane 5) were fractionated
on an SDS gel and transferred to nitrocellulose. The membrane
was incubated with 45Ca2 and analyzed by autoradiography
(A), and then the proteins were visualized by amido black
staining (B). Protein molecular mass markers (kDa) are shown
on the left (lane M).
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concentrations of CaCl2 or EGTA in a total volume
of 150 Wl at 4‡C for 4 h. A cocktail of protease
inhibitors (2.5 Wg/ml each of antipain, chymostatin,
E64 and leupeptin) and 1 mM PMSF were present in
all binding reactions. After three washes with 1 ml of
20 mM Tris^HCl, 300 mM NaCl, 20 mM imidazole
(pH 7.9), proteins were eluted with 30 Wl of 20 mM
Tris^HCl, 300 mM NaCl, 1 M imidazole (pH 7.9).
Eluted proteins were fractionated by SDS-PAGE
and analyzed by staining with Coomassie Blue
R250 (BRL) and Western blotting as described pre-
viously using anti-CBP1 rabbit antiserum diluted
1:500 000 [20]. Western blot analysis of proteins
eluted o¡ the resin-bound CBP4a revealed the pres-
ence of CBP1 (Fig. 5A) providing evidence for direct
physical interactions between the two proteins. CBP1
and CBP4a appeared to associate in a Ca2-depen-
dent manner since removal of Ca2 with increasing
concentrations of EGTA led to a gradual disappear-
ance of CBP1 (Fig. 5A, lanes 3^6). The di¡erence in
intensity of the CBP1 bands was not due to uneven
retention of CBP4a by the resin as veri¢ed by control
Coomassie Blue staining (Fig. 5B). Examination of
in vitro binding between CBP1 and CBP4b gave sim-
ilar results (data not shown). Although the Ca2-de-
pendent interactions between CBP1 and CBP4a are
relatively weak under the conditions of this in vitro
assay, they might be su⁄ciently strong in yeast cells
to give a positive signal in the two hybrid screen. It
still remains to be determined, however, if CBP1/
CBP4a and/or CBP1/CBP4b interactions play a func-
tional role in Dictyostelium cells during development.
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